Objective
The water-gas shift (WGS) reaction has been considered one of the less efficient unit operations for hydrogen production via steam reforming. A highly efficient and low temperature membrane-based WGS reaction process will be developed in a bench-scale first, then tested in a pilot-scale and finally demonstrated in a field test unit. Our existing membranes will be screened and then tailored specifically for the proposed process and reactor. In parallel, hydrogen production cost will be determined and the system integration requirement will be defined for commercialization. Operating Capability -500 psi
Technical Barriers
Hydrogen Recovery -80% of total gas
Hydrogen Quality ->95% of total dry gas
Accomplishments
We have completed the bench top experimental study and mathematical simulation to demonstrate our HiCON process to deliver 99+% CO conversion with 97-99% purity and 98-75% H 2 recovery via a simple membrane reactor (MR) process, uniquely suitable for distributed hydrogen production.
Although membranes are not ideal to deliver 99.999% purity with trace CO contamination, our study indicates that a cost acceptable post treatment unique to our proposed process can achieve this target. This, in conjunction with our HiCON process, offers a practical and economically viable process to meet the stringent feed quality requirement for a proton exchange membrane (PEM) fuel cell.
We have established a pilot-scale testing facility for performing a pilot-scale test to verify the optimized HiCON process using a full-scale membrane tube with synthetic feed, which is expected to be completed by the end of FY 2007.
In short, with the budget available, we anticipate to complete the minimum tasks required to take this HiCON process to the next step for field demonstration.
Approach
Our overall technical approach includes three steps as follows: Prepare site and install reactor.
Perform field test.
Conduct system integration study.
Finalize economic analysis and refine performance simulation.
Results
In the Year 1 report, we have presented the experimental data of CO conversion in a membrane reactor to verify the performance prediction from the mathematical simulation. During this second year, we have concentrated in the evaluation of the CO impurity level, and hydrogen recovery potential. Similar to the FY 2006 result, about 8-10% enhancement of the CO conversion was accomplished by the MR over the conventional packed bed for the ratio of catalyst dosage
to feed flow rate (W/F) between the range of 300-500 g-cat-hr/mol CO as shown in Figure 1 . With the benchtop facility, we have a 10" long Compact Membrane Systems, Inc. (CMS) membrane; hydrogen recovery from 40-70% can be achieved experimentally as shown in Figure 2 . The simulation predicts the hydrogen recovery very well. On the other hand, CO concentration at ~2,000 to 3,000 ppm is obtained under the experimental condition employed here. In comparison, ~2,000 ppm CO is predicted for this range of W/F. The simulation underestimates the CO concentration at the low range of W/F, i.e., 200-300 g-cat-hr/mol CO. This range of discrepancy in CO is considered acceptable for our purpose of obtaining an order of magnitude level of CO for the post-treatment.
Since an extremely high purity of hydrogen (i.e., 99.999%) is required for the PEM-type fuel cell application, it is not practical for our CMS membrane based upon its micro-porous structure to deliver hydrogen purity to meet the specification. We believe that a membrane reactor-based process can be developed, called HiCON, with the total hydrogen yield of near 90% through our process as described in Figure 3 . Since hydrogen product requires post compression for storage at the distributed production site, the post treatment can be implemented at a pressure that is economically feasible. Presently three different levels of hydrogen purity are targeted from our HiCON process as described in Figure 3 concentrations of the CO, N 2 and other contaminants in the hydrogen produced from our HiCON are much lower than that of CO 2 ; these trace contaminants are expected to be removed within the same absorber of our post treatment process. No separate post treatment is necessary for each contaminant.
The pressure swing adsorption (PSA) operation is conventionally practiced for hydrogen recovery from the steam reformer with a typical 70-85% hydrogen recovery. If a product stream with 99.999% purity is required, the hydrogen recovery is believed to be close to the low end of the recovery ratio. As indicated in Figure 3 , the hydrogen recovery ratio is much higher if temperature swing adsorption (TSA) is employed. However, the use of our proposed TSA may require a longer bed due to the much longer cycle time, which results in the absorber bed length increase and consequent capital cost increase. A preliminary economic analysis has been performed as presented in Figure 4 . Our cost analysis shows that about 5 cents/kg hydrogen produced as the capital recovery cost detailed in Figure 4 . No operating cost is included. This range of cost is very insignificant in consideration of the current bulk hydrogen production cost of $1.00-2.40 per kg hydrogen. The distributed hydrogen production cost approximates toward the high end of this range. Thus, we believe that even with 100% safety factor, our post-treatment cost remains to be very acceptable. More importantly, this post-treatment offers an insurance policy for the upstream membrane reactor; the hydrogen product purity can be flexible within the range of 97-99%.
Conclusion and Future Directions
Our FY 2007 work indicates that our experimental results are very consistent with the mathematical prediction with regard to the important aspects of the membrane reactor performance, including hydrogen purity, CO contaminant level, CO conversion and effect of temperature. This model along with the reaction kinetic equation obtained here has been used to perform the process development and optimization study. Hydrogen purity of 99.999+% with the hydrogen recovery ratio of 90% can be delivered from our HiCON process based upon the simulation. For the remainder of the project, we will concentrate on the experimental 
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